Gu Q, Lee L-Y. Regulation of acid signaling in rat pulmonary sensory neurons by protease-activated receptor-2. Am J Physiol Lung Cell Mol Physiol 298: L454 -L461, 2010. First published December 31, 2009 doi:10.1152/ajplung.00381.2009.-Airway acidification has been consistently observed in airway inflammatory conditions and is known to cause cardiorespiratory symptoms that are, at least in part, mediated through the activation of bronchopulmonary C fibers and the subsequent reflexes. Protease-activated receptor-2 (PAR 2) is expressed in a variety of cells in the lung and airways and is believed to play a role in airway inflammation and hyperresponsiveness. This study was carried out to investigate the effect of PAR 2 activation on the acid signaling in rat bronchopulmonary C-fiber sensory neurons. Our RT-PCR results revealed the expression of mRNAs for transient receptor potential vanilloid receptor 1 (TRPV1) and four functional acid-sensing ion channel (ASIC) subunits 1a, 1b, 2a, and 3 in these sensory neurons. Preincubation of SLIGRL-NH 2, a specific PAR2-activating peptide, markedly enhanced the Ca 2ϩ transient evoked by extracellular acidification. Pretreatment with PAR 2 agonists significantly potentiated both acid-evoked ASIC-and TRPV1-like whole cell inward currents. Activation of PAR 2 also potentiated the excitability of these neurons to acid, but not electrical stimulation. In addition, the potentiation of acid-evoked responses was not prevented by inhibiting either PLC or PKC nor was mimicked by activation of PKC. In conclusion, activation of PAR2 modulates the acid signaling in pulmonary sensory neurons, and the interaction may play a role in the pathogenesis of airway inflammatory conditions, where airway acidification and PAR2 activation can occur simultaneously.
acid-sensing ion channels; transient receptor potential vanilloid receptor 1; airway inflammation EXPRESSION OF PROTEASE-ACTIVATED RECEPTOR-2 (PAR 2 ) has been demonstrated in a variety of cells including pulmonary sensory neurons in the lung and airways (15, 33) . Mast cell tryptase, trypsin, trypsin-like proteases, and coagulation factors VIIa and Xa are considered as the endogenous agonists of PAR 2 (33, 39) . The elevated levels of both endogenous agonists and expression of PAR 2 receptors have been reported from patients and in animals under airway-inflammatory conditions (23, 39) . PAR 2 is also known to be activated by certain airborne allergens such as house dust mites Der p1, p3, and p9 (3, 32, 41) . Compelling evidence has indicated that activation of PAR 2 by endogenous or exogenous agonists contributes to the pathogenesis of airway inflammation and airway hyperresponsiveness (4, 9, 33, 36, 37) .
Local tissue acidosis frequently occurs in a variety of pathophysiological conditions such as inflammation, ischemia, hypoxia, trauma, and cancer metastases (5, 31, 34, 40) . Indeed, endogenous airway acidification has been well demonstrated in various airway-inflammatory diseases (19, 24, 26) . Airway exposure to endogenous or exogenous acid (such as air pollution-induced acid fogs, gastroesophageal reflux with microaspiration) is known to evoke cardiorespiratory symptoms including coughing, bronchoconstriction, dyspnea/apnea, bradycardia, and systemic hypotension (35) . It has been recognized that these symptoms are at least partially mediated through the activation of bronchopulmonary C fibers and the subsequent reflex responses (24, 25, 35) . However, the acidsensing mechanism in these C-fiber afferents is still not fully understood, and its regulation, particularly under pathophysiological conditions, is largely unknown.
Acid is known to activate the acid-sensing ion channels (ASICs), which belong to the voltage-insensitive, amiloridesensitive degenerin/epithelial Na ϩ channel superfamily (27, 42) . Acid can also directly activate transient receptor potential vanilloid receptor 1 (TRPV1), which is abundant in various sensory neurons including vagal pulmonary sensory neurons and acts as polymodal nociceptor (8, 11, 12) . Recent studies from our laboratory as well as other investigators have shown that physiologically/pathophysiologically relevant acidification indeed activates rat vagal bronchopulmonary C fibers, which is mediated through the activation of both ASICs and TRPV1 (13, 25) . In the present study, we aimed to investigate whether and how the acid sensing in rat pulmonary C-fiber sensory neurons can be regulated by the activation of PAR 2 . The rationale and significance of this study are that airway acidification and PAR 2 activation may occur simultaneously under airway-inflammatory conditions or numerous other pathophysiological conditions.
MATERIALS AND METHODS
The procedures described below were approved by the University of Kentucky Institutional Animal Care and Use Committee.
Labeling vagal pulmonary sensory neurons with DiI. Young Sprague-Dawley rats (4 -6 wk old) were anesthetized with isoflurane inhalation (1% in O 2) via a nose cone connected to a vaporizing machine (AB Bickford, Wales Center, NY). A small midline incision was made on the ventral neck skin to expose the trachea. The fluorescent tracer 3,3-dioctadecylindocarbocyanine (DiI) (0.2 mg/ml, 0.05 ml) was instilled into the lungs via a 30-gauge needle inserted into the lumen of the trachea; the incision was then closed. Animals recovered undisturbed for 7-10 days until they were euthanized for the tissue harvest and cell culture.
Isolation of nodose and jugular ganglion neurons. Rats were killed after isoflurane inhalation. Nodose and jugular ganglia were extracted under a dissecting microscope and placed in ice-cold DMEM/F12 solution. Each ganglion was desheathed, cut into ϳ10 pieces, placed in the combination of 0.04% type IV collagenase and 0.02% dispase II, and incubated for 80 min in 5% CO 2 in air at 37°C. The ganglion suspension was centrifuged (150 g, 5 min) and supernatant aspirated. The cell pellet was then resuspended in a modified DMEM/F12 [DMEM/F12 supplemented with 10% (vol/vol) heat-inactivated FBS, 100 U/ml penicillin, 100 g/ml streptomycin, and 100 M MEM nonessential amino acids] solution and gently triturated with a small bore fire-polished Pasteur pipette. The dispersed cell suspension was centrifuged (500 g, 8 min) through a layer of 15% BSA to separate the cells from the myelin debris. The pellets were resuspended in the modified DMEM/F12 solution, plated onto poly-L-lysine-coated glass coverslips, and incubated at 37°C in 5% CO 2 in air. Isolated neurons were used for patch-clamp recording or RT-PCR within 48 h of culture.
Ca 2ϩ imaging. Intracellular Ca 2ϩ was monitored using the fluorescent Ca 2ϩ indicator fura-2 AM. Cells were loaded with 5 M fura-2 AM for 30 min at 37°C. The coverslip containing cells was then mounted into a chamber (0.2 ml) placed on the stage of a Zeiss fluorescence inverted microscope equipped with a variable filter wheel (Sutter Instruments, Novato, CA) and digital CCD camera (Princeton Instruments, Trenton, NJ). The recording chamber was perfused continuously with extracellular solution (ECS; containing in mM: 136 NaCl, 5.4 KCl, 1.8 CaCl 2, 1 MgCl2, 0.33 NaH2PO4, 10 glucose, 10 HEPES, pH at 7.4) or the test chemicals by a gravity-fed valve control system (VC-66CS; Warner Instruments, Hamden, CT); a complete change of bath solution occurred in 6 s. Cells were allowed to deesterify for at least 30 min before the recording when the dual images (340-and 380-nm excitation, 510-nm emission) were collected and pseudocolor ratiometric images monitored by using the software Axon Imaging Workbench (Axon Instruments, Union City, CA).
Whole cell perforated patch-clamp recordings. The recording chamber with the cultured cells was perfused continuously with the same standard ECS as that used in the Ca 2ϩ imaging study. Whole cell perforated patch configuration (50 g/ml gramicidin) was performed by using Axopatch 200B/pCLAMP 9.0 (Axon Instruments). The intracellular solution contained the following (in mM): 92 potassium gluconate, 40 KCl, 8 NaCl, 1 CaCl 2, 0.5 MgCl2, 10 EGTA, 10 HEPES, pH at 7.2. The chemical stimulants were applied by a pressure-driven drug delivery system (ALA-VM8; ALA Scientific Instruments, Westbury, NY). The series resistance was usually in the range of 6 -10 M⍀ and was not compensated. The resting membrane potential was held at Ϫ70 mV in voltage-clamp mode. The experiments were performed at room temperature (ϳ22°C).
Both patch-clamp recordings and Ca 2ϩ -imaging analysis were performed selectively in the pulmonary sensory neurons on the basis of the following criteria: 1) labeling with DiI as indicated by fluorescence intensity; 2) cell diameter Ͻ35 m; and 3) response to 0.75 M capsaicin. These neurons presumably give rise to pulmonary C-fiber afferents as proposed in our recent studies (16) . Although neurons from rat nodose and jugular ganglia were isolated and studied separately, data from the neurons of these two different origins were pooled for group analysis because no difference was found between responses of the neurons obtained from these two ganglia.
RT-PCR. Cytoplasm of ϳ20 individual pulmonary nodose or jugular ganglion neurons was retrieved by aspiration through a patch pipette. The pipette content was expelled into a test tube in which RT-PCR was performed by using Titan One Tube RT-PCT Kit (Roche Applied Science, Indianapolis, IN). A nested PCR was then performed by using the first PCR product as the template. Primers for both the first and nested PCR amplifications were designed to cross exon boundaries to distinguish amplified products from mRNA vs. genomic DNA. Primer sequences and predicted product sizes are summarized in Table 1 . Reverse transcription was performed at 50°C for 30 min. Cycling conditions for the first PCR were as the follows: 1) initial denaturation at 94°C for 3 min; 2) 10 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, elongation at 68°C for 1 min; 3) 25 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, elongation at 68°C (45 s to 4 min), cycle elongation of 5 s for each cycle; and 4) a prolonged elongation at 68°C for 7 min. Reaction products were subsequently maintained at 4°C until they were used as templates for nested reactions.
The nested PCR was performed as the following by using AccuPrime Taq DNA Polymerase System (Invitrogen, Carlsbad, CA): an initial denaturation at 94°C for 3 min was followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 56°C for 1 min, and elongation at 68°C for 2 min. Reaction products were separated on 1% agarose gel in Tris-borate EDTA buffer and visualized with 0.5% ethidium bromide fluorescence.
Chemicals. DiI was purchased from Invitrogen. Dispase II was obtained from Roche Applied Science. SLIGRL-NH2 (PAR2-activating peptide or PAR2-AP) and 2-furoyl-LIGRLO-NH2 were from Bachem (King of Prussia, PA). All other chemicals were obtained from Sigma Chemical (St. Louis, MO). Stock solution of capsaicin (1 mM) was prepared in a vehicle of 10% Tween 80, 10% ethanol, and 80% ECS; those of PAR2-AP (10 mM) and 2-furoyl-LIGRLO-NH2 (10 mM) were in ECS, and amiloride (500 mM), phorbol 12-myristate 13-acetate (PMA; 1 mM), U73122 (3 mM), and chelerythrine (20 mM) were in dimethyl sulfoxide. These stock solutions were divided into small aliquots and kept at Ϫ80°C. The solutions of these chemicals at desired concentrations were prepared daily by dilutions with ECS before use. No detectable effect of the vehicles of these chemical agents was found in our preliminary experiments.
Statistical analysis. Data were analyzed by a one-way ANOVA unless mentioned otherwise. When the ANOVA showed a significant interaction, pair-wise comparisons were made with a post hoc analysis (Fisher's least-significant difference). Results were considered significant when P Ͻ 0.05. Data are means Ϯ SE. (15) . In the present study, RT-PCR and the nested PCR were carried out using the cytoplasm harvested from multiple DiI-labeled nodose and jugular ganglion neurons to determine the presence of two groups of acid-sensitive ion channels, ASICs and TRPV1. As shown in Fig. 1 , our results showed that these neurons express mRNAs for TRPV1 and four functional ASIC subunits 1a, 1b, 2a, and 3. These results were confirmed in four separate trials using the neurons collected from three different animals. Control reactions that did not contain RNA template or the RT enzyme showed no amplification products (n ϭ 4).
Potentiation of acid-evoked Ca 2ϩ transient by PAR 2 -AP. A 5-min perfusion of PAR 2 -AP (100 M), a short synthetic peptide that mimics the sequence of tethered ligand of PAR 2 and selectively and specifically activates the receptor (33), caused a small but detectable elevation of intracellular Ca 2ϩ in rat pulmonary sensory neurons (e.g., Fig. 2A ). Application of acidic solution (pH 5.5, 40 s) evoked only a mild and reversible (or no) Ca 2ϩ transient in these neurons. However, immediately after the PAR 2 -AP pretreatment, the peak response of the pH 5.5-evoked Ca 2ϩ transient was significantly potentiated (P Ͻ 0.05; n ϭ 26); the augmented response returned to the control level after a 10-min washout (Fig. 2) .
Potentiation of acid-evoked inward current by activation of PAR 2 . As what we have reported recently (13), a rapid drop of extracellular pH from pH 7.4 evoked an inward, amiloridesensitive ASIC current in rat pulmonary sensory neurons voltage clamped at Ϫ70 mV. As shown in Fig. 3 , pretreatment with PAR 2 -AP (100 M, 2 min) induced a marked increase in the peak amplitude of ASIC-like current evoked by acid. The peak currents (Current 1 in Fig. 3) were significantly increased by 49.6 Ϯ 8.2%, 34.9 Ϯ 6.3%, and 30.8 Ϯ 7.4% for pH 6.5, 6.0, and 5.5, respectively (P Ͻ 0.05, n ϭ 17). Similar to the peak current, the sustained component (Current 2 in Fig. 3 ) of the ASIC-like current, measured at the end of a 6-s acid application, was also dramatically increased after PAR 2 -AP pretreatment (Fig. 3) . The potentiation for both the peak and sustained components of ASIC-like current was readily reversible after a 5-min washout.
We next tested 2-furoyl-LIGRLO-NH 2 , a recently reported selective and potent agonist for PAR 2 (21) . As shown in Fig. 4 , pretreatment with 2-furoyl-LIGRLO-NH 2 (100 M, 2 min) mimicked the effect of PAR 2 -AP. The peak and sustained components of ASIC-like current evoked by pH 5.5 were potentiated by 15.4 Ϯ 5.6% and 180.9 Ϯ 78.4%, respectively, after 2-furoyl-LIGRLO-NH 2 pretreatment (P Ͻ 0.05, n ϭ 7).
In addition to the ASIC-like current, extracellular acidification is also known to evoke a delayed and sustained TRPV1-mediated current in rat pulmonary sensory neurons (13) . In a group of 10 neurons, we isolated the acid-evoked TRPV1-like current by using the prolonged acid application (Ն18 s) and blockade of ASIC current by amiloride (300 M, 2 min). As shown in Fig. 5 , pretreatment with PAR 2 -AP (100 M, 2 min) significantly enhanced the pH 5.5-evoked TRPV1-like current in these sensory neurons. The potentiation was clearly present whether it was with (comparing between amiloride ϩ PAR 2 -AP and amiloride alone: ⌬ ϭ 42.7 Ϯ 8.6%; P Ͻ 0.05, n ϭ 10) or without (comparing between PAR 2 -AP and control: ⌬ ϭ 33.9 Ϯ 6.9%; P Ͻ 0.05, n ϭ 10) amiloride blockade, and the difference between them was not significant (P Ͼ 0.05, n ϭ 10; paired t-test). The potentiation of acid-evoked TRPV1-like current by PAR 2 -AP was reversible after a 10-min washout (Fig. 5) .
Upregulation of neuronal excitability to acid stimulation by PAR 2 -AP. This series of experiments were carried out in currentclamp recordings to examine whether activation of PAR 2 altered the excitability of rat pulmonary sensory neurons to acid stimulation. As shown in Fig. 6 , pretreatment with PAR 2 -AP (100 M, 2 min) significantly increased the amplitudes of both peak (an increase of 10.9 Ϯ 3.8%; P Ͻ 0.05, n ϭ 9) and sustained (an increase of 38.8 Ϯ 5.5%; P Ͻ 0.05, n ϭ 9) membrane depolarization evoked by acid application (pH 5.5, 6 s). In addition, the number of acid-evoked action potentials was significantly increased from 0.4 Ϯ 0.2 at control to 1.1 Ϯ 0.4 after PAR 2 -AP (P Ͻ 0.05, n ϭ 9). The increases in both depolarization and action potential firing returned to control after 5-min washout.
In a separate group of six neurons, however, pretreatment with PAR 2 -AP (100 M, 2 min) did not show any significant effect on either depolarization or action potential firing evoked by an abovethreshold depolarizing current injection (20-500 pA, 485 ms); for example, the electrical stimulation evoked an average of 1.2 Ϯ 0.2 action potentials both before and after PAR 2 -AP pretreatment (P Ͼ 0.05, n ϭ 6).
Effect of PAR 2 -AP on acid signaling is not mediated through activation of PKC.
In a number of different cell systems, PAR 2 has been known to be coupled to PKC activation via G q/11 protein and the phosphatidylinositol pathway (2, 10) . We have recently demonstrated that, in rat pulmonary sensory neurons, this PLC-PKC transduction cascade is indeed responsible for the potentiation of capsaicin-activated, TRPV1-mediated whole cell and single-channel responses (14, 15) . In the present study, however, preincubation with neither U73122 (1 M, 4 min), a PLC inhibitor, nor chelerythrine (10 M, 4 min), a PKC inhibitor, prevented the potentiation of acid-evoked either ASIC-like (Fig. 7) or TRPV1-like (n ϭ 4, not shown) inward current by PAR 2 -AP (100 M, 2 min). For example, the pH 5.5-evoked peak ASIC-like current was increased by 33.3 Ϯ 8.1% (P Ͻ 0.05, n ϭ 7) and 21.7 Ϯ 5.4% (P Ͻ 0.05, n ϭ 6), and the sustained component of ASIC-like current was increased by 153.8 Ϯ 46.8% (P Ͻ 0.05, n ϭ 7) and 176.5 Ϯ 48.7% (P Ͻ 0.05, n ϭ 6) after PAR 2 -AP in the presence of U73122 and chelerythrine, respectively (Fig. 7) .
To further confirm that the activation of PKC and subsequent ion channel phosphorylation are not responsible for the potentiation of acid-evoked whole cell responses by PAR 2 activation, we examined the effect of PMA, a PKC activator, on the acid-evoked inward currents. As shown in Fig. 8 , pretreatment with PMA (0.1 M, 2 min) did not significantly affect either ASIC-like (e.g., Fig.  8A ) or TRPV1-like (e.g., Fig. 8B ) inward currents in rat pulmonary sensory neurons (P Ͼ 0.05, n ϭ 12).
DISCUSSION
Recent studies have shown that acid stimulates bronchopulmonary C fibers through the activation of two major types of Fig. 3 . Effect of PAR2-AP on the acid-evoked ASIC-like inward current in rat pulmonary sensory neurons. A-C: inward currents evoked by acid (pH 7.0, 6.5, 6.0, and 5.5; 6 s each) before, immediately after pretreatment with PAR2-AP (100 M, 2 min), and after 5-min washout, respectively. In all panels, Current 1 is defined as the peak of transient ASIC-like inward current, and Current 2 is measured as the amplitude of sustained inward current when the acid challenge was terminated. D: group data showing that both the peak (Current 1) and sustained (Current 2) components of acid-evoked current were significantly enhanced after PAR2-AP pretreatment. *Significantly different from the corresponding control (P Ͻ 0.05, n ϭ 17). Fig. 4 . Pretreatment with 2-furoyl-LIGRLO-NH2 mimicked the effect of PAR2-AP. A: inward current evoked by pH 5.5 (6 s) before and after pretreatment with 2-furoyl-LIGRLO-NH2 (100 M, 2 min), a selective PAR2 agonist. The acid-evoked current was evaluated by the amplitudes of its peak (Current 1) and sustained (Current 2) components. B: group data showing that both the peak and sustained components of ASIC-like current were significantly increased after 2-furoyl-LIGRLO-NH2. *Significantly different from the corresponding control (P Ͻ 0.05, n ϭ 7).
receptors, ASICs and TRPV1 (13, 25) . The expression and function of ASICs have recently been investigated in both peripheral sensory and central neurons (1, 42) . To date, four genes encoding six ASIC subunits have been cloned in mammals, namely ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, and ASIC4 (27) . Four of the six subunits of ASICs, 1a, 1b, 2a, and 3, can form functional homomeric channels that are activated directly by external protons (45) . Neither ASIC2b nor ASIC4 can form functional homomeric proton-gated channel (17) . Like other ligand-gated ion channels, functional ASICs can be formed by homomultimers as well as heteromultimers (6, 42) . Different homomeric and heteromeric ASICs are known to have distinct pH sensitivity, ion selectivity, and channel kinetics (17) . It has been reported that, in heterologous expression systems, the pH of half-maximal activation of these channels differs: i.e., pH 6.2, 5.9, 4.4, and 6.5 for ASIC1a, ASIC1b, ASIC2a, and ASIC3, respectively (45) . Whereas ASIC1a, ASIC1b, and ASIC2a display transient activation characteristics, ASIC3 responds to acid stimulation biphasically, with a quick desensitizing and a late sustaining current (17) . In the present study, our RT-PCR results showed that all four functional ASIC subunits (1a, 1b, 2a, and 3) are expressed in rat pulmonary sensory neurons (Fig. 1) . However, we cannot speculate on the specific ASIC subunit combination(s) in an individual neuron only on the basis of the phenotypes of acid-evoked inward currents because 1) multi-cell instead of single-cell RT-PCR was performed in our study and 2) the native ASICs expressed in these pulmonary sensory neurons, like that in dorsal root ganglion neurons (1, 6) , are most likely heteromultimeric. Nevertheless, our results showed that all ASIC-like inward currents, albeit showing distinct phenotypes at control, were significantly enhanced by selective PAR 2 agonists (e.g., Figs. 3-5) .
In a number of different cells and tissues, PAR 2 has been shown to be coupled to G q/11 , resulting in activation of PLC and generation of 1,4,5-inositol trisphosphate and diacylglycerol, which would lead to mobilizing intracellular Ca 2ϩ and activating PKC (2, 10) . Our recent studies have demonstrated that the PLC-PKC signaling pathway is indeed responsible for the potentiation of capsaicin-activated and TRPV1-mediated responses in both whole-cell and single-channel recordings in rat pulmonary sensory neurons (14, 15) . However, in the present study, our results showed that 1) the potentiating effect of PAR 2 agonists on both ASIC-like and TRPV1-like wholecell responses lasted less than 10 min (Figs. 3-5) ; 2) inhibition of PLC or PKC did not prevent the sensitizing effect of PAR 2 -AP on acid-evoked inward currents (Fig. 7) ; and 3) activation of PKC with PMA failed to mimic the potentiating effect of PAR 2 agonists on the acid responses (Fig. 8) . These findings are in distinct disparity with numerous PAR 2 -induced and G proteinmediated long-lasting cell signaling, as recently reported by our laboratory as well as many other investigators (2, 10, 14, 15) . Therefore, we believe that the PLC-PKC intracellular cascade is not involved in the PAR 2 -induced potentiation of acid signaling in rat pulmonary sensory neurons. 5 . Potentiation of both acid-evoked ASIC-like and TRPV1-like currents by PAR2-AP in rat pulmonary sensory neurons. A: acid (pH 5.5, 18 s)-evoked ASIC-like (first peak) and TRPV1-like (second peak) inward currents at control, after pretreatment with amiloride (ASIC inhibitor; 300 M, 2 min), amiloride ϩ PAR2-AP (300 M and 100 M, respectively; 2 min), and PAR2-AP (100 M, 2 min) alone, and after 10-min washout. B and C: group data showing the peak amplitudes of pH 5.5-evoked ASIC-like and TRPV1-like inward currents, respectively, after different pretreatments as shown in A. *Significantly different from the control response (P Ͻ 0.05, n ϭ 10). †Significant difference between pretreatments with amiloride ϩ PAR2-AP and amiloride alone (P Ͻ 0.05, n ϭ 10).
The mechanism underlying the enhancement of acid-evoked ASIC channel responses by PAR 2 agonists is not known. In contrast with TRPV1, which is modulated by numerous proinflammatory mediators (12, 29) , ASICs seem to be unresponsive to many of the same mediators. Among the known interactions, FMRFamide-related peptide (44) , arachidonic acid (38) , and nitric oxide (7) have been shown to enhance the ASIC activity in dorsal root ganglion neurons as well as in heterologous cells. All three above mentioned mediators are believed to modulate ASICs via a direct mechanism, and an interaction with the extracellular loop of ASIC subunits was suggested to be involved in the modulation of ASIC activity by nitric oxide (7) . Interestingly, certain serine proteases (e.g., furin, prostasin, channel-activating protease 2, and kallikrein) have been shown to activate epithelial Na ϩ channel, which belongs to the same family as ASICs, by cleaving channel subunits at specific sites within their extracellular domains (18, 22) . In the present study, our results suggest an involvement of a direct interaction between PAR 2 agonists and ASICs, which presumably leads to certain conformational changes and therefore affects the proton gating of ASIC channels. However, channel cleavage is unlikely the cause of the functional modification of ASICs observed in our study, given that the potentiation of ASIC responses was readily reversible upon washout of PAR 2 agonists (Figs. 2-6 ).
TRPV1 is another ion channel that can be directly activated by acid. Results from our present study showed that the acid-evoked TRPV1-like current was also significantly enhanced after PAR 2 -AP pretreatment. Unlike the PLC-PKCmediated long-lasting sensitizing effect of PAR 2 -AP on capsaicin-evoked whole cell and single-channel TRPV1 activities (14, 15) , the potentiation of acid-evoked TRPV1-like current is short lasting and does not appear to be PKC dependent (e.g., Figs. 5 and 8) . The mechanism underlying the distinct potentiating effect of PAR 2 -AP on capsaicin-and acid-evoked TRPV1 responses is not clear. Interestingly, a recent study from our laboratory has demonstrated that eosinophil-derived cationic proteins such as major basic protein can also exert distinctly different effects on these two TRPV1 agonists, a potentiating effect on only capsaicin-but not acid-evoked TRPV1 current (16) . Although how acid and capsaicin activate TRPV1 is not yet fully understood, it is believed that these two agonists exert their actions on TRPV1 from opposite sides of the membrane, intracellularly for capsaicin and extracellularly for proton (11, 20, 43) . TRPV1, when tested in terms of capsaicin activation, has been known as a target of phosphorylation by numerous proinflammatory mediators, cytokines, and growth factors (12, 29) . In the present study, the potentiating effect of PAR 2 -AP on acid-evoked TRPV1 responses, however, appears most likely resulting from a direct interaction with the TRPV1 channel because of its short-lasting and PKC-independent feature.
It is known that vagal bronchopulmonary C-fiber sensory nerves play an important role in regulating cardiopulmonary functions under various pathophysiological conditions (11, 28, 30) . Endogenous airway acidification has been well demonstrated in various airway inflammatory diseases such as asthma and chronic obstructive pulmonary disease (19, 24, 26) . For example, it has been reported that the mean pH of exhaled breath condensate is over two log orders lower in patients with acute asthma (5.23 Ϯ 0.21) than in control subjects (7.65 Ϯ 0.20) and normalizes after corticosteroid therapy (19) . In addition, pulmonary interstitial acidosis develops when the production of CO 2 is exceedingly high and/or the elimination of CO 2 from the lungs is hindered. Such changes can occur under both physiological (e.g., severe excise) and pathophysiological (e.g., chronic obstructive pulmonary disease) conditions (35) . Airway exposure to either endogenous or exogenous acid is known to evoke cardiorespiratory symptoms that are at least in part mediated through the activation of bronchopulmonary C fibers and the subsequent reflex responses (25, 35) . In the present study, our results showed that PAR 2 activation significantly increased the excitability of pulmonary sensory neurons in response to the same acid stimulation, which can lead to greater reflex responses and therefore contribute to more pronounced cardiorespiratory symptoms such as coughing, dyspnea, and bronchoconstriction. The potentiation of acid signaling by PAR 2 agonists in the airway sensory neurons should be important and relevant to pathophysiological conditions such as airway inflammatory diseases in which acidification and PAR 2 activation may occur simultaneously.
